four of these water samples showed that enteric viruses from different genera were consistently inactivated in these freshwater samples. Studies on the cause of inactivation were conducted with echovirus type 12 as the model virus. The results revealed that the virucidal agents in the waters tested could not be separated from microorganisms. Any treatment that removed or inactivated microorganisms caused loss of virucidal activity. Microbial growth in a sterilized creek water seeded with a small amount of stream water resulted in concomitant production of virucidal activity. When individual bacterial isolates obtained from a stream were grown in this sterilized creek water, most (22 of 27) produced a large amount of virucidal activity, although the amount varied from one isolate to the next. Active and inactive isolates were represented by both gram-positive and gram-negative organisms. Examination of echoviruses inactivated in stream water revealed that loss of infectivity first correlated with a slight decrease in the sedimentation coefficient of virus particles. The cause appeared to be cleavage of viral proteins, most notably, and, to a lesser extent, VP-1. Viral RNA associated with particles was also cleaved but the rate was slower than loss of infectivity. These results suggest that proteolytic bacterial enzymes inactivate echovirus particles in fresh water by cleavage of viral proteins, thus exposing the viral RNA to nuclease digestion.
Transmission of viral disease through contaminated water depends on survival of the disease agent for a sufficient period of time in the water to infect a susceptible host. The viruses most likely to be transmitted by this water route are those excreted in large numbers in feces and known to be resistant to inactivation. These enteric viruses cause numerous human diseases, including severe diarrhea and hepatitis, and many cases of human illness due to these agents have been traced to contaminated water (29) .
Several studies have been published concerning the survival of enteric viruses in fresh water. The methods used were to seed the water with known concentrations of viruses and measure recoverable PFU as a function of incubation time. Results reported before 1971, as reviewed by Akin et al. (1) , suggested that survival times of enteric viruses in both river waters and impounded fresh water varied greatly, even when studied at the same approximate temperatures and with the same virus types. Subsequent studies have supported these original observations (4, 12-14, 17, 19, 30) . Although the cause of inactivation was not determined in these experiments, factors such as bacterial enzymes (11) , turbidity, and light (8) have been shown to influence the losses of viral infectivity in fresh water. The dominant factor suggested, however, has been temperature (1, 30) .
The survival times of enteric viruses in fresh water and factors that affect viral inactivation rates could greatly influence the potential public health hazard associated with the use of this water. The purpose of this study was to measure the inactivation rates of representative enteric viruses in fresh water from different sources and to determine the cause and mechanism of inactivation. A previous study revealed several experimental procedures that should be followed to accurately measure virus inactivation in water samples, including the use of radioactively labeled viruses * Corresponding author. (27) . These procedures were used for the experiments in this report. 100 ,ug of streptomycin, and 2.5 ,ug of amphotericin B per ml) and 10% fetal calf serum. Growth and plaquing methods were described elsewhere for both enteroviruses (25) and rotavirus (26) .
MATERIALS AND METHODS
Labeling and purification of viruses. Viruses used throughout this study were labeled with either [3H]uridine or [35S]methionine and purified. The methods used to label and purify the enteroviruses with [3H]uridine were the same as those described for poliovirus in a previous publication (27 (ii) rotavius was banded in the CsCl cushion by 1 h of centrifugation at 24,000 rpm in an SW27 centrifuge rotor; (iii) the density of the CsCl was adjusted to 1.36 g/ml; and (iv) the virus was dialyzed against phosphate-buffered saline containing 10 mM CaCl2. Analyses of water samples. Freshwater samples obtained for this study included a lake, large river, deep well, and several streams with varying degrees of fecal and other pollutants. These waters were analyzed by biological (total plate count organisms, total coliforms, fecal coliforms, and fecal streptococci), chemical (pH and conductivity), and physical (turbidity) methods. The procedures used for these analyses were described previously (27) or were performed according to standard methods (3) .
Measurement of viral inactivation rates. The methods used to measure virus inactivation in fresh water were developed as described in a previous publication (27) . In short, water samples were obtained from the different sites and stored at 4°C. Within 24 h, the biological, physical, and chemical analyses described above were performed. To measure the effects of these waters on virus survival, purified labeled viruses were diluted 1,000-fold into 20 ml of each water sample (treated or untreated) in a 125-ml polypropylene, cotton-stoppered flask. After mixing, a 1-ml sample was removed, diluted into an equal volume of 2 x tryptose phosphate broth, and stored frozen at -20°C. This was the zero-time sample. The flasks were then held stationary at the Extraction and sedimentation analysis of viral RNA.
[3H]uridine-labeled echovirus-12 particles were treated as described above, and 0.15 ml of each was extracted with 0.2 ml of phenol, 0.1 ml of chloroform, 20 ,lI of 10% sodium dodecyl sulfate, and 5 room temperature for 10 min. After phase separation by centrifugation, the aqueous phase was collected and recoverable radioactivity in a 10-,u aliquot was measured. The remainder of the sample was layered onto a 5 to 30% glycerol gradient in NTE buffer and centrifuged at 45,000 rpm for 3 h at 5°C in an SW50.1 rotor. Gradient fractions were collected and analyzed for recoverable radioactivity.
Gel analysis of echovirus proteins.
[35S]methionine-labeled echovirus particles were incubated in Sycamore Creek water (untreated or autoclaved) as described above, and 50 ,ul of each sample was diluted in an equal volume of particle disruption buffer (8 M urea, 2.85 M 2-mercaptoethanol, 0.25 M Tris [pH 6.8], 1% sodium dodecyl sulfate, 0.005% bromophenol blue) instead of tryptose phosphate broth before being frozen. After thawing, these samples were heated in boiling water for 90 s. A portion (40 ,ul) of each was layered onto polyacrylamide slab gels (1-mm thickness) and separated by electrophoresis at a constant current (40 mA) as described by Laemmli (15) . The positions of the protein bands were determined by fluorography (16) after impregnation of the gels with 2,5-diphenyloxazole.
RESULTS
Inactivation of poliovirus type 1 in fresh water from different sources. Initial experiments were performed to compare virus inactivation rates in fresh water from nine sources within the Cincinnati area and to determine whether these rates could be correlated with any measured physical, chemical, or biological property of these waters as listed in Table  1 . The virus used for this first study was poliovirus type 1, which has been the standard for most environmental studies. Waters were seeded with radioactively labeled poliovirus, and decreases in specific infectivity (PFU per counts per minute) were measured as a function of incubation time at 27°C. A constant temperature was chosen so that direct comparisons could be made between the waters without the influence of differences in temperatures; 27°C was chosen to APPL. ENVIRON. MICROBIOL. maximize the rates of inactivation while avoiding most inactivation due directly to heat. The specific infectivity of poliovirus decreased between 90% (Bracken Creek) and 99.9% (deep well) during 2 days and between 98.4% (Ohio River) and 99.97% (Cattle Creek) during 4 days of incubation (Table 2) . Only a slight loss of infectivity occurred during this time in sterile distilled water, which shows that little inactivation was caused by the direct effects of heat. Comparisons between virucidal activities and other water properties (Table 1 ) revealed no statistically significant association (P > 0.05). It is concluded, therefore, that all nine environmental waters contained unidentified factors that caused inactiviation of poliovirus.
Comparative inactivation rates of different enteric viruses in fresh water. To establish the general nature of the virucidal action of fresh water, the inactivation rates of three other enteric viruses were compared with those of poliovirus. The viruses chosen (echovirus-12, coxsackievirus B5, and rotavirus SA-11) all represent different genera of enteric viruses, each could be grown to high titers and purified by available methods, and all could be readily plaqued on established cell lines. Four freshwater samples were chosen for this comparative study, two representatives of polluted sources (Bracken Creek and Ohio River) and two from relatively unpolluted sources (deep well and Sycamore Creek). Inactivation rates were again measured at 27°C, and loss of infectivity in distilled water was included as a control for all viruses except SA-11 which was rapidly inactivated under this condition, probably because of the scarcity of calcium and other ions needed to stabilize the rotavirus capsid (21) . Addition of 10 mM CaCl2 to distilled water partially but not totally overcame this effect (results not shown).
Echovirus-12 was found to be the most rapidly inactivated of the viruses tested (Fig. 1) . Its specific infectivity decreased >99.999% during 7 days of incubation in all four waters. Rotavirus SA-11 was found to be the most stable, but its specific infectivity decreased about 99% during 7 days in all four waters tested. These results suggest that enteric viruses will consistently be inactivated when seeded into natural freshwater sources but the rate of inactivation will depend on the specific virus and water studied. (1, 30) . To verify that virus inactivation will occur at other temperatures, virus survival was measured over a range of temperatures in several freshwater samples. The viruses chosen for this study were echovirus-12 and rotavirus SA-11, which had been found to be the least and most stable, respectively, of the viruses examined (Fig. 1) .
Waters used for this study were samples collected from Sycamore Creek on two different dates (July and October 1984) and from Clough Creek in November 1984. Because waters from all three sites had quite similar effects on virus survival at the temperatures tested, the results from only one site are presented (Fig. 2) . In addition, the rates of inactivation of echovirus-12 in distilled water at the same temperatures are presented for comparative purposes Initial experiments were done to test the effects of heat on virucidal activity because of the heat sensitivity of microorganisms and microbial products. The enteric virus used in this and remaining studies was echovirus-12 since it was the most rapidly inactivated of the viruses studied, thus permitting more experiments to be performed in a shorter period of time. Three samples of Sycamore Creek water (obtained at different times) and one sample of Clough Creek water were aliquoted and each aliquot was heated for 1 h at temperatures ranging from 40 to 60°C. Radioactively labeled echovirus-12 was then added to each and decreases in specific infectivity were measured as a function of incubation time at 23°C. Unheated creek waters were simultaneously seeded with virus and treated in the same manner.
The results with all four water samples were comparable. Therefore, the geometric mean titer of the four water samples were determined at each time point (Fig. 3) . Heating at 40°C for 1 h caused partial loss of virucidal activity and 1 h at 50°C almost completely destroyed this activity. Waters obtained from a deep well, the Ohio River, and Bracken Creek responded in the same manner when heated for 1 h at 60°C (results not shown). These heat sensitivity results suggested that microorganisms may cause the loss of virus infectivity in fresh water.
A series of experiments was designed to determine whether removal or inactivation of microorganisms consistently resulted in loss of virucidal activity. The water chosen for these experiments was obtained from Sycamore Creek because it had the most consistent properties throughout the year of the surface waters studied. The treatments used for these experiments are described in Materials and Methods and listed in Table 3 . In every case, treatments that removed or inactivated microorganisms caused a concomitant loss of virucidal activity.
If viable microorganisms are responsible for virucidal activity in fresh water as suggested by these experiments, sterile fresh water without virucidal activity should acquire (20 , ud to 20 ml of water), and a sample (2 ml) was collected to measure virus-specific infectivity and total plate count. After incubation of the remainder of each aliquot (2 days, 26°C), a second sample was collected and analyzed. Specific infectivities of the virus-containing samples at 2 days were determined relative to those found at time zero. APPL. ENVIRON. MICROBIOL. and microbial growth were also measured in untreated and autoclaved (not seeded with untreated water) Sycamore Creek waters as controls. Addition of a small amount of untreated water to sterile creek water caused microbial concentrations to increase from approximately 101 to 105 CFU/ml within 1 to 2 days at 26°C (Fig. 4A) . Little virucidal activity was observed in this water during the first 24 h of microbial growth, but significantly more activity was detected during the second 24-h period. The autoclaved water sample that was preincubated for 2 days after seeding with untreated water before virus addition caused a large decrease in virus-specific infectivity within 24 h. The specific infectivity of echovirus-12 decreased very little in sterile creek water in the absence of detectable microbial growth (Fig. 4B) . Microbial concentrations in the untreated water increased from approximately 103 to 105 CFU/ml during 24 h of incubation at 26°C (Fig.  4C ). This growth appeared to increase virucidal activity; i.e., the water sample incubated for 2 days before virus addition had greater virucidal activity than the sample that was not incubated before virus was added. activity. The next experiment, therefore, was to determine whether individual microbial isolates could be grown in creek water and produce this activity. Microbial colonies were isolated from Sycamore Creek water by plating on agar and were then seeded into autoclaved Sycamore Creek water. After 2 days of incubation at 26°C, echovirus-12 was added to the water samples and the rate of decrease in specific infectivity was measured. Gram stains were also performed with each isolate to determine whether virucidal activity was related to this bacterial cell wall property (3). (22 an Other investigators have als bacteria with antiviral activity water (7, 9, 22, 23 of the infectivity was lost for both virus preparations within 32 h of incubation (Fig. 5) . Little reduction in specific d-shaped bacteria of various infectivity of either virus preparation occurred during this listinguishable from one antime period in autoclaved Sycamore Creek water. ogy in agar. The majority (22 Examination of the sedimentation coefficients of the viral at least a 90% decrease in particles revealed that loss of infectivity resulted in a correfter addition of echovirus and sponding loss in particles with normal sedimentation coeffi-)9.9% during this time period cients (Fig. 6 ). The initial change was to particles with ppeared to be unrelated to slighty reduced S values. With time, however, these partim positive or gram negative.
cles broke down, and both labeled components (RNA and solely dependent upon final protein) were found at the tops of their respective gradients , isolates 6, 22, 25 , and 26 all after sedimentation. it the time of virus addition
The individual components of echovirus particles were (6 and 25) displayed high next examined in an attempt to identify the alteration that Ld 26) had little or no activity.
was responsible for loss of infectivity. Virion proteins were so reported the isolation of examined by polyacrylamide gel electrophoresis of the samfrom either marine or fresh ples after different times of incubation (Fig. 7) . Gel patterns huval et al. (22) , after making revealed that five proteins were present in purified ioratory, found that marine echovirus-12 particles, one of which was VP0, the precursor activity was observed in our to VP2 and VP4 (20) . No qualitative change in the electroven passages of growth on phoretic pattern of echovirus proteins was detected after 8 h s not shown). Thus, these of incubation (lane 2) when the specific infectivity had -ucidal activity when grown decreased 61%. The relative amount of VP4 appeared, however, to be reduced in comparison to other viral pro- visibly cleaved and a band migrating between VP1 and VP2 was observable. Also, almost all of VP4 had been cleaved. Since no additional viral protein was found sedimenting at the tops of the glycerol gradients at this time (Fig. 6) , the cleaved proteins apparently remained particle associated. After 24 h of incubation (lane 5), when 97% of the particles were no longer infectious and less than one-third of the viral protein was found at the top of the gradient, VP1 was almost totally cleaved and little VP2 or VP3 remained intact. After 32 h (lane 6), almost no viral protein remained intact, although approximately 24% of the virion protein still sedimented in association with particles.
Sedimentation values of echovirus RNA extracted from samples at these different incubation times were also determined. After 8 h of incubation, when the specific infectivity of the [3H]uridine-labeled particles had decreased 59%, the S value of 36% of virion RNA had been modified (Fig. 8) . After 16 h, 95% of these viruses were inactivated but only 74% of the viral RNA was detectably altered. Even after 24 h of incubation, when 99.7% of the infectivity was lost, approximately 12% of the RNA appeared to sediment like infectious RNA. Taken together, these results suggest that the initial damage to echovirus particles in these water samples is cleavage of viral proteins, specifically VP4 and, to a lesser extent, VP1. This is followed by cleavage of viral RNA.
DISCUSSION
The ability to cause inactivation of enteric viruses appears to be a general property of fresh water. Although waters collected from different sources have been shown in this report and by other investigators (4, 12-14, 17, 19, 30) to have different amounts of virucidal activity, the only property of fresh water that has been consistently related to virucidal activity is temperature (1, 30 The strict association between viable microorganisms and virucidal activity observed in this study indicates that the active agent either remains associated with the microorganisms or has a very short lifetime or both. The same conclusion was reached by Shuval et al. (22) during their studies on the virucidal activity of seawater. Microorganisms contain components that remain membrane bound and also those with short half-lives, especially certain enzymes. Thus, these observed results are not unexpected.
Loss of virus infectivity in the fresh water examined in this study was not due to uptake of virus because labeled virus components did not sediment with microorganisms after virus inactivation (Fig. 6) . Therefore, inactivation must have occurred outside of microorganisms, possibly during the time of physical contact between the viruses and microorganisms. Further clues regarding the nature of the virucidal agent(s) were, therefore, obtained by analysis of the inactivated virus particles. These studies, conducted with echovirus-12, revealed that loss of infectivity occurred in proportion to a slight reduction in the sedimentation rates of virus particles. At the same time, a considerable amount of virus protein, especially VP4, appeared to be broken down. Some cleavage of viral RNA was also detected but not in proportion to loss of infectivity. Greater amounts of inactivation with longer incubation periods resulted in further cleavage of viral protein and RNA in inactivated particles, leading to an eventual disintegration of these particles.
Because echovirus particles contain only 1 molecule of viral RNA but 60 molecules of each of four viral proteins (20) , cleavage of viral RNA should be much more easily detected if its cleavage is the cause of viral inactivation. The finding that total VP4 appeared to be cleaved as rapidly as viral RNA suggests that protein breakdown precedes RNA cleavage. Breindl (5) showed that release of VP4 from poliovirus by heat treatment exposed the encapsulated viral RNA to RNase digestion. Toranzo et al. (24) also showed that inactivation of poliovirus in filtrates of seawater permitted nuclease digestion of the viral RNA. Thus, exposure of echovirus RNA to exonucleases could have occurred following cleavage of virion proteins within the intact particle. Herrmann and Cliver (11) found that proteolytic enzymes obtained from certain bacteria caused inactivation of coxsackievirus A9. Taken together, these results support the hypothesis that echovirus-12 inactivation in fresh water occurred as the result of cleavage of viral protein by shortlived or microorganism-associated proteolytic enzymes, thus resulting in exposure and breakdown of viral RNA.
